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We present a kinetic analysis of the membrane fusion activity of tick-borne encephalitis (TBE) virus and TBE-derived
recombinant subviral particles (RSPs) in a liposomal model system. Fusion was monitored using a fluorescence assay
involving pyrene-labeled phospholipids. Fusion was strictly dependent on low pH, with the optimum being at pH 5.3–5.5 and
the threshold at pH 6.8. Fusion did not require a protein or carbohydrate receptor in the target liposomes. Preexposure to
low pH of the virus alone resulted in inactivation of its fusion activity. At the optimum pH for fusion and 37°C, the rate and
extent of fusion were very high, with more than 50% of the virus fusing within 2 s and the final extent of fusion being 70%.
Lowering of the temperature did not result in a significant decrease in the rate and extent of fusion, suggesting that TBE virus
fusion is a facile process with a low activation energy, possibly due to the flat orientation of the E glycoprotein on the viral
surface facilitating the establishment of direct intermembrane contact. The fusion characteristics of TBE virus and RSPs were
similar, indicating that RSPs provide a reliable and convenient model for further study of the membrane fusion properties of
TBE virus. © 2000 Academic PressINTRODUCTION
The entry of enveloped viruses into cells involves a
membrane fusion step that occurs either at the cell
plasma membrane, mediated by the interaction of viral
envelope proteins and their receptors, or in the endoso-
mal compartment after uptake of virions by receptor-
mediated endocytosis (Hernandez et al., 1996). In the
latter case, it is generally the relatively low pH in the
endosomal lumen that induces a change in the confor-
mation or oligomeric state of the viral envelope proteins,
initiating the fusion process (White, 1990; Gaudin et al.,
1995; Hernandez et al., 1996).
The precise mechanism by which viral envelope pro-
teins induce membrane fusion is still not well under-
stood. Experimentally, model systems are needed in
which kinetic data from fusion studies can be related to
high-resolution protein structure information. For several
enveloped viruses, the core structures of their mem-
brane fusion proteins have been solved at the atomic
level. These include not only the classic example of the
hemagglutinin (HA) protein of influenza virus in both its
neutral and acid-pH conformation but also the gp41 sub-
1 Present address: California Institute of Technology, Division of
iology, Pasadena, CA 91125.
2 Present address: Department of Biochemistry and Molecular Biol-
ogy, Veterinary Faculty, University of Murcia, E-30071 Murcia, Spain.
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37units of human and simian immunodeficiency viruses,
the GP2 subunit of Ebola virus, and the TM subunit of
Moloney murine leukemia virus (for reviews, see Skehel
and Wiley, 1998; Weissenhorn et al., 1999). Despite the
different modes of cell entry of these viruses, it is inter-
esting that their fusion proteins exhibit remarkable struc-
tural similarity (Skehel and Wiley, 1998; Weissenhorn et
al., 1999). The atomic structure of the envelope protein E
of the flavivirus tick-borne encephalitis (TBE) virus has
also been solved recently (Rey et al., 1995). However, in
contrast to the influenza virus HA, which is a homo-
trimeric spike, the TBE virus E protein in its native (neu-
tral pH) conformation is an antiparallel homodimer that
lies flat on the surface of the virion. Consistent with its
role in mediating low-pH-induced fusion in endosomes,
the E protein undergoes dramatic structural changes
when exposed to an acidic pH (Rey et al., 1995), and
these changes are apparently involved in initial interac-
tions with target membranes and possibly in driving the
fusion process itself. Although the three-dimensional
structure of the acidic form of the protein is still not
known, it has been observed that the E dimers on the
TBE virion surface undergo an irreversible quantitative
rearrangement at the pH of fusion to form trimers, and
this rearrangement appears to be involved in the fusion
process (Allison et al., 1995a; Stiasny et al., 1996).
TBE virus is a medically important pathogen of the
genus Flavivirus, which also includes yellow fever virus,
Japanese encephalitis virus, and the dengue viruses.
These viruses are composed of a nucleocapsid contain-
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38 CORVER ET AL.ing the positive-strand RNA genome and the capsid
protein C, surrounded by a lipid envelope containing the
E protein and the small (;8 kDa) membrane protein M.
As indicated, flaviviruses use the endocytic pathway to
enter cells (Rice, 1996) and require a mildly acidic pH for
the expression of membrane fusion activity. In the ab-
sence of target membranes, low-pH treatment of flavivi-
ruses results in the loss of infectivity and fusogenicity
due to irreversible structural changes in the E protein
(Gollins and Porterfield, 1986b; Kimura and Ohyama,
1988; Guirakhoo et al., 1992; Heinz et al., 1994).
Flavivirus-infected cells release not only infectious
whole virions but also noninfectious subviral particles
containing the E and M proteins in a lipid membrane
without the nucleocapsid (Russell et al., 1980). Similar
particles can also be produced using various eukaryotic
expression systems (Mason et al., 1991; Konishi et al.,
992; Pincus et al., 1992; Fonseca et al., 1994; Pugachev
t al., 1995; Allison et al., 1995b). Recombinant subviral
articles (RSPs) from TBE virus have been shown to
etain many of the structural and functional characteris-
ics of the whole virion, including the ability to induce
ell-cell fusion (Schalich et al., 1996).
Although membrane fusion activity under mildly acidic
onditions has been demonstrated for several flavivi-
uses (Gollins and Porterfield, 1986a; Summers et al.,
989; Randolph and Stollar, 1990; Guirakhoo et al., 1991,
993; Vorovitch et al., 1991; Despre`s et al., 1993), detailed
inetic analyses of the fusion process have not been
erformed due to the lack of adequately sensitive tech-
iques. However, using virus with a fluorescent probe
ncorporated in its membranes, it is possible to monitor
usion of the viral and liposomal membranes online,
llowing fusion kinetics to be studied in detail. Pyrene-
abeled lipids have been shown in several studies to be
specially well suited for monitoring lipid mixing during
iral fusion (Wahlberg et al., 1992; Bron et al., 1993;
Stegmann et al., 1993; Nieva et al., 1994). Pyrene phos-
pholipids can be incorporated into the viral membrane in
vivo by biosynthetic labeling, ensuring that the fluoro-
phore will remain stably integrated in the membrane
(Stegmann et al., 1993). Here, we present a detailed
analysis of fusion of TBE virus and RSPs, biosynthetically
labeled with pyrene phospholipids, in a liposomal model
system. It is demonstrated that the fusion of TBE virus is
a very fast and efficient process. It is triggered by a
mildly acidic pH but does not require the presence of a
protein or carbohydrate receptor or specific lipids, such
as cholesterol (Chol) and sphingomyelin (SPM), in the
target membrane.
RESULTS
Fluorescent labeling of TBE virus with pyreneTo investigate whether the membrane of TBE virus can
be metabolically labeled in vivo with pyrene-conjugatedlipid, TBE virus was grown in primary chicken embryo cells
cultured beforehand in the presence of pyrene-hexade-
canoic acid, as described in Materials and Methods, and
purified by centrifugation on sucrose density gradients. The
fluorescence spectrum of the purified pyrene-labeled virus
(Fig. 1) clearly shows the characteristic fluorescence peaks
for the pyrene monomer at 379 and 395 nm as well as an
excimer peak at 480 nm. The excimer fluorescence arises
from probe–probe interactions, and the appearance of a
significant excimer intensity in the TBE virus preparation
thus indicates that the label had been efficiently incorpo-
rated into the viral membrane phospholipids. At 37°C, the
excimer/monomer ratio, defined as the ratio of the fluores-
cence intensities at 480 and 379 nm, respectively, was 0.38,
similar to results achieved earlier with another enveloped
virus, Semliki Forest virus (SFV) (Bron et al., 1993). Disrup-
tion of the viral membrane with the detergent octa(ethylene
glycol) n-dodecyl monoether (C12E8) resulted in the loss of
the excimer peak and an increase in the intensity of the
monomer peaks, due to essentially infinite dilution of the
probe.
Low-pH-dependent fusion of TBE virus with
liposomes
Pyrene-labeled TBE virus was then studied for its
ability to undergo fusion with artificial membranes (unila-
mellar liposomes with an average diameter of 0.2 mm,
composed of phosphatidylcholine (PC), phosphatidyleth-
anolamine (PE), SPM, and Chol, in a molar ratio of
1:1:1:1.5). Because the membrane surface area of a virus
particle is about 10-fold smaller than that of an average
liposome, fusion of a single virion with a liposome is
expected to result in an approximate 10-fold dilution of
pyrene-labeled phospholipids from the viral into the lipo-
somal membrane and a corresponding 10-fold decrease
FIG. 1. Fluorescence emission spectrum of pyrene-labeled TBE virus.
Pyrene-labeled virus was suspended in HNE buffer (pH 7.4) at a
concentration of 1 mM phospholipd. The fluorescence emission spec-
trum at an excitation wavelength of 343 nm was recorded before and
after the addition of C12E8 to a concentration of 10 mM.of the pyrene excimer fluorescence intensity of the virion
involved. As shown in Fig. 2 (curve a), extremely rapid
a
f
i
o
f
w
p
d
l
i
w
d
f
p
n
6
w
a
s
i
p
a
w
f
b
a
l
h
t
d
l
r
t
f
B
m
i
t
v
d
g
t
T
P
3
T
(
39MEMBRANE FUSION ACTIVITY OF TBE VIRUSfusion of the virus with the liposomes was observed
when a virus–liposome mixture was acidified to pH 5.3 at
37°C. Under these conditions, the pyrene excimer fluo-
rescence intensity decreased by more than 50% within
the first 2 s, with an extent at 1 min of about 70%. This
implies that within 1 min at least 70% of the virus parti-
cles had fused at least once with a target liposome. No
fusion was observed when the experiment was carried
out at pH 7.4 (curve b), consistent with earlier reports that
TBE virus requires an acidic pH for fusion (Guirakhoo et
l., 1991; Allison et al., 1995a). Although Fig. 2 presents
usion curves for one batch of pyrene-labeled virus, sim-
lar results were obtained with another batch of virus and
ther batches of liposomes (results not shown). All virus
usion data presented below, however, were generated
ith the batch of virus also used in the experiment
resented in Fig. 2.
To investigate the pH dependence of fusion in more
etail, fusion assays were performed with the same
iposome preparation at different pH values, and the
nitial rate and final extent of fusion for each pH value
ere determined. As shown in Fig. 3, the pH depen-
ence exhibited a threshold around pH 6.8. The rate of
usion was optimal at pH 5.3–5.5 (approximately 35–40%
er s in this particular experiment), although it should be
oted that very high rates were already achieved at pH
.0–6.2. An optimal extent of fusion at 1 min of 60–70%
as seen in a broad pH range of 5.0–6.2. The initial rates
nd the extents of fusion under optimal conditions varied
omewhat between individual measurements and exper-
ments, with the rates fluctuating between 30% and 40%
FIG. 2. Fusion of TBE virus with liposomes consisting of PC/PE/SPM/
Chol (molar ratio 1:1:1:1.5). Pyrene-labeled virus (1.0 mM phospholipid)
was mixed with liposomes (0.2 mM phospholipid) at 37°C. Subse-
quently, the medium was acidified to pH 5.3 by injection of small
volume of 0.1 M 2-(N-morpholino)ethanesulfonic acid, 0.1 M acetic acid
(pH 4.9) (curve a) or kept at pH 7.4 (curve b). Alternatively, virus in the
absence of liposomes was acidified to pH 5.3 for 1 min at 37°C, after
which liposomes were added while the pH was kept at 5.3 (curve c). All
measurements were carried out in duplicate or triplicate with compa-
rable results.er s and the extents at 1 min fluctuating between 60%
nd 70%.Kinetics of fusion inactivation
It has been shown previously that exposure of TBE
virus to an acidic pH in the absence of target membranes
results in a rapid loss of viral infectivity (Gollins and
Porterfield, 1986b; Kimura and Ohyama, 1988; Guirakhoo
et al., 1992; Heinz et al., 1994). We now examined
hether this loss of infectivity correlates with a loss of
usogenicity in the liposomal model system. Pyrene-la-
eled virus was preexposed to pH 5.3 for 1 min in the
bsence of target liposomes. Subsequent addition of
iposomes demonstrated that this low-pH preincubation
ad almost completely inactivated the fusion capacity of
he virus (Fig. 2, curve c).
To examine the kinetics of fusion inactivation in more
etail, the virus was preincubated at pH 5.3 for different
engths of time in the absence of liposomes, and the
emaining fusion activity was measured after the addi-
ion of liposomes. Figure 4 shows the rate and extent of
usion at each time point as a percentage of the control.
oth the rate and extent of fusion fell below the half-
aximum level within the first 10 s of incubation, but the
nitial rate of fusion decreased more sharply with time
han did the extent of fusion.
The loss of fusion activity on low-pH exposure of the
irus in the absence of target membranes is presumably
ue to irreversible rearrangements of the viral envelope
lycoproteins and indicates that the fusion-active state of
he viral E protein is of a very transient nature.
emperature dependence of fusion
The effect of temperature on the rate of fusion with
C/PE/SPM/Chol liposomes at pH 5.3 was investigated at
7°, 20°, 15°, and 4°C, and the results are shown in Fig. 5.
he rate of fusion decreased with decreasing temperature
Figs. 5A and 5B), but the overall effect of temperature was
FIG. 3. Extent and rate of TBE virus fusion with liposomes as a
function of the pH. Fusion of pyrene-labeled TBE virus with PC/PE/
SPM/Chol liposomes was measured as in Fig. 2. The initial rates of
fusion (filled symbols) were determined from the tangents to the steep-
est parts of the fusion curves. The extents of fusion (open symbols)
were determined at 1 min after acidification of the virus-liposome
mixtures. All measurements were carried out in duplicate, with the data
shown representing average values.
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40 CORVER ET AL.considerably less dramatic for TBE virus than has been
shown previously for SFV (Bron et al., 1993) or influenza
virus (Stegmann et al., 1990). For example, with TBE virus,
the fusion curves at 37° and 20°C were almost indistin-
guishable (Fig. 5A), whereas at 15°C, the initial rate of
fusion (17% per s) was reduced barely twofold relative to the
rate of 30% per s at 37°C (Fig. 5B) without the appearance
of any detectable lag phase preceding the onset of the
actual fusion reaction (Fig. 5A). Only at the lowest temper-
ature studied (4°C) could a brief (4.5 s) lag phase be
observed between the time of acidification and the onset of
fusion (Fig. 5A).
Effect of membrane lipid composition
Some viruses have a specific requirement for particu-
lar lipids in the target membrane; for example, SFV and
Sindbis virus (SIN) require Chol and sphingolipids (White
and Helenius, 1980; Kielian and Helenius, 1984; Phalen
and Kielian, 1991; Nieva et al., 1994; Moesby et al., 1995;
orver et al., 1995; Smit et al., 1999). To determine
hether TBE virus also has a specific lipid requirement,
e measured fusion of TBE virus with liposomes of
everal different compositions. As shown in Fig. 6, fusion
f TBE virus with liposomes consisting of PC/PE/SPM/
hol (1:1:1:1.5) was fast and extensive (curve a). When
C/PE/Chol liposomes were used instead (curve b), the
ate and extent of fusion remained essentially un-
hanged, indicating that SPM is not required for fusion.
mission of Chol from the liposomes, on the other hand,
ad a substantial influence on fusion. When PC/PE/SPM
iposomes were used (curve c) the rate and extent of
usion were 9–10% per s and 49%, respectively, com-
FIG. 4. Inactivation of membrane fusion activity by preincubation of
BE virus at low pH. Pyrene-labeled virus alone was preincubated at
H 5.3 for the periods of time indicated, after which PC/PE/SPM/Chol
iposomes were added and the remaining fusion activity was deter-
ined, as in Fig. 2. Rates (filled symbols) and extents (open symbols)
f fusion were determined as in Fig. 3 and are expressed as percent-
ges of the control (fusion at pH 5.3 initiated in the presence of
iposomes). All measurements were carried out in duplicate, with the
ata shown representing average values.ared with approximately 32% per s and 70% observed
ith PC/PE/SPM/Chol liposomes. A further decreasewas observed with liposomes consisting only of PC and
PE (curve d). Thus the inclusion of Chol in the target
membrane, although not absolutely essential, appears to
facilitate fusion by TBE virus, whereas SPM can com-
FIG. 5. Effect of temperature on fusion of TBE virus with liposomes.
Fusion of pyrene-labeled virus with PC/PE/SPM/Chol liposomes was
measured under conditions as in Fig. 2, but at the indicated tempera-
tures. (A) Fusion curves at 37°C (curve a), 20°C (curve b), 15°C (curve
c), and 4°C (curve d). (B) Rates (filled symbols) and extents (open
symbols) of fusion, determined as in Fig. 3, as a function of the
temperature. All measurements were carried out in duplicate, with the
data shown representing average values.
FIG. 6. Effect of the liposomal lipid composition on fusion of TBE
virus with liposomes. Fusion of pyrene-labeled virus with liposomes of
different lipid compositions was measured under conditions otherwise
as in Fig. 2. Curve a, PC/PE/SPM/Chol (molar ratio, 1:1:1:1.5); curve b,
PC/PE/Chol (molar ratio, 1:1:1); curve c, PC/PE/SPM (molar ratio, 1:1:1);
and curve d, PC/PE (molar ratio, 1:1).
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41MEMBRANE FUSION ACTIVITY OF TBE VIRUSpensate somewhat for the lack of Chol when the latter is
omitted.
Fusion characteristics of RSPs
In addition to the experiments with whole virions, we
also investigated the fusion properties of TBE virus
RSPs, which lack a nucleocapsid but retain many of the
structural and functional characteristics of the virion en-
velope (Schalich et al., 1996). The techniques used for
etabolic labeling and purification of RSPs were similar
o those used for whole virions, and purified pyrene-
abeled RSPs yielded a fluorescence spectrum similar to
hat of the pyrene-labeled whole virus, with an excimer/
onomer ratio of 0.2 (Fig. 7). Fusion of pyrene-labeled
SPs with PC/PE/SPM/Chol liposomes at pH 5.5, 37°C,
s shown in Fig. 8A (curve a). The rate (30% per s) and
xtent (60%) of fusion were very similar to those obtained
ith whole virions, and like whole virions, RSPs required
ow pH for fusion (see pH 7.4 control, curve b). Further-
ore, the pattern of target membrane lipid dependence
or RSPs (Fig. 8B) was essentially identical to that shown
n Fig. 6 for whole virions. RSPs, like whole virions, were
rreversibly inactivated at low pH in the absence of target
embranes (Fig. 9) and also showed a brief lag phase at
ow temperature (data not shown). The fusion character-
stics of three individual pyrene-labeled RSP batches
ere very similar (comparative results not shown). Taken
ogether, the data show that the fusion characteristics of
yrene-labeled RSPs in the liposome fusion system re-
emble those of whole virions.
DISCUSSION
We present a detailed analysis of the membrane fu-
ion activity of TBE virus and TBE-derived recombinant
ubviral particles in a liposomal model system. TBE virus
nters its target cells through receptor-mediated endo-
ytosis and subsequent low-pH-induced fusion of the
FIG. 7. Fluorescence emission spectrum of pyrene-labeled TBE
SPs. The spectrum was recorded under the conditions as in Fig. 1.iral envelope with the limiting membrane of the endo-
omal cell compartment (Heinz et al., 1994). Accordingly,in the liposomal model system, fusion of pyrene-labeled
TBE virus strictly required low pH. The fusion process
exhibited a broad pH optimum between pH 5.0 and 6.2,
whereas the pH threshold was around 6.8. A similar pH
threshold for fusion (pH 6.7) has been reported for West
Nile virus, another flavivirus (Gollins and Porterfield,
FIG. 8. Fusion of TBE RSPs with liposomes. Fusion of pyrene-labeled
RSPs (0.5 mM phospholipid) was measured under the conditions es-
sentially as in Fig. 2. (A) Fusion with PC/PE/SPM/Chol (molar ratio
1:1:1:1.5) liposomes. Curve a, pH 5.5; curve b, pH 7.4 control. (B) Fusion
at pH 5.5 with liposomes of different lipid compositions. Curve a,
PC/PE/SPM/Chol (molar ratio 1:1:1:1.5); curve b, PC/PE/Chol (molar
ratio, 1:1:1); curve c, PC/PE/SPM (molar ratio, 1:1:1); and curve d, PC/PE
(molar ratio, 1:1).
FIG. 9. Inactivation of membrane fusion activity by preincubation of
TBE RSPs at low pH. Pyrene-labeled RSPs were preincubated at pH 5.5
in the absence of liposomes for the periods of time indicated. Subse-
quently, the residual fusion activity was measured as in Fig. 4. Rates
(filled symbols) and extents (open symbols) of fusion are expressed as
percentages of the control (fusion at pH 5.5 initiated in the presence of
liposomes). All measurements were carried out in duplicate, with the
data shown representing average values.
42 CORVER ET AL.1986a). This pH threshold is relatively high compared
with that of fusion of alphaviruses, such as SFV or SIN. In
a similar liposomal fusion model, we have observed a pH
threshold of 6.2 for fusion of SFV (Bron et al., 1993) and
of 6.0 for fusion of SIN (Smit et al., 1999). Also, the pH
threshold for fusion of influenza virus, although it varies
somewhat between virus strains, is generally lower than
the threshold observed here for TBE virus (Stegmann et
al., 1986, 1987, 1990). The comparatively high pH thresh-
old for fusion implies that flaviviruses may fuse from
within early endosomes (Heinz et al., 1994).
Fusion of TBE virus does not require the presence of
a protein or carbohydrate receptor in the target mem-
brane, as fusion proceeded efficiently with liposomes
consisting of just nonglycosylated lipids. This indicates
that receptor binding and fusion activity are separate
functions of the TBE virus E protein and that receptor
binding is not a molecular requirement for expression of
membrane fusion activity by E. It has been demonstrated
that other low-pH-dependent enveloped viruses, such as
influenza virus (Stegmann et al., 1986, 1987, 1989, 1995),
SFV (Bron et al., 1993; Nieva et al., 1994; Moesby et al.,
1995; Wilschut et al., 1995; Corver et al., 1995, 1997), SIN
(Smit et al., 1999), and vesicular stomatitis virus (Moor et
al., 1999), do not need to bind to their receptors either to
express membrane fusion activity. It, therefore, appears
to be a common theme among low-pH-dependent vi-
ruses that receptor binding is not a mechanistic require-
ment for fusion and that a mildly acidic pH is the sole
trigger of the fusion capacity of these viruses.
The present study clearly demonstrates that TBE virus
fusion does not exhibit a specific requirement for Chol or
sphingolipid (Fig. 5). For SFV and SIN, we and others
have previously shown that both Chol and sphingolipids
in the target membrane are absolutely required to estab-
lish fusion (White and Helenius, 1980; Phalen and
Kielian, 1991; Klimjack et al., 1994; Nieva et al., 1994;
Moesby et al., 1995; Corver et al., 1995; Smit et al., 1999).
Chol appears to be primarily involved in the low-pH-
dependent binding of the virus to the liposomes,
whereas the sphingolipid acts as a highly specific co-
factor catalyzing the fusion event itself (Nieva et al., 1994;
Moesby et al., 1995; Wilschut et al., 1995; Corver et al.,
1995; Smit et al., 1999). By analogy, it may be speculated
that the decrease in TBE virus fusion seen with Chol-free
liposomes is due to a lower extent of virus–liposome
binding. On the other hand, omission of sphingolipid
from the liposomes did not have a significant effect on
the fusion process.
It has been demonstrated previously that RSPs de-
rived from TBE virus retain many of the structural and
functional properties of the whole virus, including fusion
as assessed by cell-cell fusion assays (Schalich et al.,
1996). Here, we show that even the detailed character-
istics of fusion of the virus and RSPs are very similar.
Both are strictly pH dependent. Also, when exposed tolow pH in the absence of target liposomes, RSPs exhibit
a rapid inactivation of their fusion capacity with kinetics
similar to those seen with the whole virus. Furthermore,
virus and RSPs exhibit similar fusion behavior with re-
spect to liposomes of different lipid compositions. Finally,
the temperature dependence of fusion is the same for
whole virus and RSPs. These similarities show that de-
spite the fact that RSPs are smaller than virions and
possibly have a slightly different surface lattice organi-
zation (Schalich et al., 1996), the potential of the E dimer
to undergo the conformational changes necessary of
fusion remains unaffected. Therefore, RSPs provide a
convenient model system for further study of the fusion
properties of the TBE virus envelope glycoprotein E.
The most important outcome of this study relates to
the fast kinetics of TBE virus fusion and the remarkable
temperature dependence of the process. At 37°C, under
the condition of our experiments, within 2–3 s on acidi-
fication, more than half of the virus particles have fused
at least once, with the initial rate of fusion being close to
40% per s (Figs. 2 and 3). Furthermore, the rate and
extent of fusion are only minimally affected by a lowering
of the temperature from 37° to 15°C. Because our fusion
assay is based on lipid mixing, we cannot formally rule
the possibility that at lower temperatures, fusion is re-
duced with a concomitant increase of hemifusion. How-
ever, even if this were the case, the TBE virus fusion
reaction differs markedly from SFV fusion or, in particular,
influenza virus fusion in model systems, monitored with
similar lipid mixing assays. For example, with SFV, typi-
cally the initial rate of fusion under comparable condi-
tions is 25% per s at 37°C (Bron et al., 1993; Nieva et al.,
1994; Moesby et al., 1995), whereas at 20°C, this value is
reduced to 1.5% per s, and at 10°C, it is reduced to 0.5%
per s after lag phases between acidification and the
onset of fusion of about 3 and 10 s, respectively (Bron et
al., 1993). Influenza virus has been shown to fuse even
much more slowly with liposomes (Stegmann et al.,
1990). For example, in this latter study, an initial rate of
fusion at 37°C of about 0.2% per s was observed,
whereas at 0°C, this rate was reduced to 0.007% per s
after a lag phase of about 8 min. A similar slow rate and
long lag phase have been observed for influenza virus
fusion with erythrocyte ghosts at 0°C (Stegmann et al.,
1990). In contrast, in the case of TBE virus fusion, on
lowering of the temperature from 37° to 15°C, there was
no detectable lag phase between acidification and the
onset of fusion and the initial rate of fusion was de-
creased less than threefold. Only at temperatures as low
as 4°C did we observe a brief lag phase and a further
approximate twofold reduction in the rate of fusion. It is
generally assumed (Stegmann et al., 1990; Bron et al.,
1993; Hernandez et al., 1996) that a lag between acidifi-
cation and fusion represents the minimal time required
for establishment of cooperation between a number of
spikes, needed for initiation of fusion pore formation
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43MEMBRANE FUSION ACTIVITY OF TBE VIRUS(Ellens et al., 1990; Danieli et al., 1996). Therefore, the
present observation that TBE virus fusion, in contrast to
influenza virus or SFV fusion, exhibits a short lag phase
only at low temperatures, while furthermore the rate of
the fusion process is not drastically reduced, suggests
that the TBE spike rearrangements required for fusion
pore formation represent a very facile process with a low
activation energy compared with that of other enveloped
viruses. This low activation barrier could imply that the
structural rearrangements in the E protein may also be
induced at neutral pH and elevated temperatures. Yet,
under physiological conditions, low pH would appear to
be essential for triggering the fusion process.
It is likely that the above differences between the
fusion kinetics of TBE virus and influenza virus are re-
lated to differences in the three-dimensional structures
of their respective fusion proteins. While HA is a homotri-
mer with a perpendicular orientation with respect to the
viral surface (Wilson et al., 1981), the TBE virus E protein
s a head-to-tail homodimer, lying flat on the viral mem-
rane (Rey et al., 1995). On exposure to low pH, both
roteins undergo a series of conformational rearrange-
ents, whereby the TBE E converts to a trimeric config-
ration (Allison et al., 1995a). It is not clear whether all of
hese conformational changes are necessary for fusion,
ut an essential element appears to be the exposure of
fusion peptide sequence. In the HA trimer, the fusion
eptides are located at the N-termini of the HA2 sub-
nits, which in the neutral pH conformation of the protein
re buried in the stem of the HA trimer close to the viral
embrane (Wilson et al., 1981). There is good evidence
to indicate that the N-terminal HA2 fusion peptides in-
teract with the target membrane in preparation for fusion
(Harter et al., 1989). Based on studies of synthetic pep-
ides corresponding to a loop region in HA2 (Carr and
im, 1993) and on the three-dimensional structure of a
ragment of HA2 at low pH (Bullough et al., 1994), a
odel has been proposed that involves acid-induced
ormation of an extended a-helical bundle and displace-
ment of the HA2 fusion peptides from their buried posi-
tion to the tip of the HA trimer (Hughson, 1997; Skehel
and Wiley, 1998; Weissenhorn et al., 1999). This model
provides a plausible mechanism by which the fusion
peptides may reach the target membrane. However, it is
clear that extensive additional conformational changes
in the HA molecule are required to juxtapose the fusion
peptides and the transmembrane anchor segments of
HA2 at one end of the trimer such that direct molecular
contact between the interacting membranes is estab-
lished (Hughson, 1997; Skehel and Wiley, 1998; Weissen-
horn et al., 1999).
In the TBE virus E protein, an internal fusion peptide
has been proposed to be located in a loop region at the
interface between the two E monomers (Rey et al., 1995).
Exposure of this sequence would require only dissocia-
tion of the homodimer rather than a major change inconformation. Indeed, a soluble dimeric ectodomain of E
has recently been found to dissociate at low pH (Stiasny
et al., 1996) and to bind to liposomes as a monomer
(unpublished observations), indicating that conversion to
a trimer is not required for target membrane binding. It
remains to be seen, however, whether the dissociation of
the homodimer suffices to trigger the fusion event or
whether further conformational changes (e.g., trimeriza-
tion) are required to bring the membranes together. If
major conformational changes are not required, the fast
rate of TBE virus fusion and the low activation energy of
this process, as discussed earlier, may be a conse-
quence of the flat orientation of the E protein, which, by
lying parallel to the interacting membranes, would facil-
itate the establishment of direct molecular contact be-
tween them. The E trimer ultimately formed under low-pH
conditions may thus represent a final fusion-inactive
structure. Indeed, the relatively slow kinetics of fusion
inactivation (Fig. 4), compared with the fast kinetics of
fusion (Figs. 2 and 3), would be entirely consistent with
the notion that inactivation involves additional conforma-
tional changes in the E protein, although other explana-
tions for the slow inactivation kinetics cannot be ruled
out at this point. Thus at low pH, the TBE virus E protein
would appear to be undergoing a series of conforma-
tional rearrangements, with fusion perhaps being medi-
ated by an only minimal initial conformational change.
MATERIALS AND METHODS
Lipids
PC from egg yolk, PE prepared by transphosphatidy-
lation of egg PC, and SPM from bovine brain were ob-
tained from Avanti Polar Lipids (Alabaster, AL). Chol was
from Sigma Chemical Co. (St. Louis, MO). 1-Pyrene-
hexadecanoic acid was from Molecular Probes (Eugene,
OR).
Virus and RSPs
The TBE virus prototype strain Neudoerfl (Mandl et al.,
1988) was grown in primary chicken embryo cells and
purified as described previously (Heinz and Kunz, 1981).
RSPs were generated by transfection of COS-1 cells with
the recombinant plasmid SV-PEwt (Allison et al., 1994),
which contains the TBE virus prM and E genes under the
control of the SV40 early promoter and has been shown
previously to lead to secretion of RSPs when expressed
in COS-1 cells (Allison et al., 1995b). Virus and RSPs
were purified on sucrose gradients as described previ-
ously (Schalich et al., 1996).
Pyrene labeling of virus was carried out essentially as
described previously for SFV (Wahlberg et al., 1992; Bron
et al., 1993). Briefly, primary chicken embryo cells were
grown for 16 h before infection in the presence of 15
mg/ml pyrene-hexadecanoic acid. After infection, the
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44 CORVER ET AL.cells were maintained until harvest in fresh serum-free
medium, also containing the fluorescent label. For
pyrene-labeled RSPs, COS-1 cells were labeled for 68 h
with 10 mg/ml pyrene-hexadecanoic acid. After transfec-
ion, cells were grown for 17 h in fresh medium contain-
ng the fluorescent label and then for an additional 24 h
n serum-free medium without label.
iposomes
Liposomes (large unilamellar vesicles) were prepared
y a freeze-thaw/extrusion procedure, as described pre-
iously (Bron et al., 1993; Nieva et al., 1994; Moesby et al.,
995; Corver et al., 1995, 1997). Briefly, lipid mixtures,
ried from chloroform, were hydrated in HNE buffer (150
M NaCl, 50 mM HEPES, and 0.1 mM EDTA, pH 7.4).
ubsequently, the suspensions were subjected to five
ycles of freeze-thawing (Mayer et al., 1985) and ex-
ruded 21 times (Hope et al., 1985) through a Unipore
olycarbonate filter (pore size, 0.2 mm; Nuclepore, Pleas-
nton, CA) in a Liposofast extruder (Avestin, Ottawa,
anada). Liposomes consisted of a mixture of PC, PE,
PM, and Chol in a molar ratio of 1:1:1:1.5, unless indi-
ated otherwise. Liposome concentrations were deter-
ined by phosphate analysis (Bo¨ttcher et al., 1961).
usion assay
Fusion of TBE or RSPs with liposomes was monitored
ontinuously in an AB2 fluorometer (SLM/Aminco, Ur-
ana, IL) as a decrease of the pyrene excimer fluores-
ence at 480 nm with excitation at 343 nm (Wahlberg et
l., 1992; Bron et al., 1993; Stegmann et al., 1993; Nieva et
l., 1994; Moesby et al., 1995; Corver et al., 1995, 1997).
riefly, virus or RSPs (final concentration, 1 or 0.5 mM
hospholipid, respectively) and liposomes (final concen-
ration, 0.2 mM phospholipid) were mixed in the cuvette
f the fluorometer in a final volume of 0.7 ml of HNE
uffer (pH 7.4). The liposomes had on average a 10-fold
arger membrane surface area per particle than the virus
nd a 40-fold larger surface area than the RSPs and were
resent at an approximate 20-fold excess over the virus
nd a 10-fold excess over the RSPs in terms of particle
umbers. With SFV (Bron et al., 1993) and SIN (Smit et al.,
999), such an excess of target liposomes has been
ound to maximize the opportunity for an acid-activated
irion to productively interact with a target liposome and
hus to result in optimal fusion. The contents of the
uvette were stirred and kept at a temperature of 37°C,
nless indicated otherwise. Fusion was initiated by in-
ection of the volume of 0.1 M 2-(N-morpholino)ethane-
ulfonic acid, 0.1 M acetic acid (pH 4.9) required to
chieve the desired pH. The fusion scale was calibrated
uch that 0% fusion corresponded to the initial excimer
luorescence level and 100% fusion corresponded to the
luorescence after the addition of the detergent octa(eth-
lene glycol) n-dodecyl monoether C12E8 (Fluka, Buchs,witzerland) to a final concentration of 10 mM, resulting
n an infinite dilution of the fluorophore. Initial rates of
usion were determined from the tangents to the steep-
st parts of the fusion curves. There was a certain
egree of variability among individual rate measure-
ents carried out under the same conditions within one
xperiment. We estimate the uncertainty in the fusion
ates to be 65% of the corresponding fusion rate values;
t very high rates of fusion (.10% per s), the uncertainty
s estimated to be 610%. The extent of fusion was de-
ermined at 1 min after acidification of the virus/RSP-
iposome mixture. The uncertainty in the fusion extents is
stimated to be 6% of the actual values.
usion inactivation assay
Virus or RSPs (1 or 0.5 mM phospholipid) were incu-
bated at pH 5.3–5.5 and 37°C in the fluorometer cuvette
for the different periods of time as indicated. Subse-
quently, liposomes (final concentration of 0.2 mM phos-
pholipid) were added directly to the cuvette from a con-
centrated suspension (10 mM), and the remaining fusion
capacity was measured for 1 min in a total volume of
0.7 ml.
ACKNOWLEDGMENTS
This study was supported by the Netherlands Organization for Sci-
entific Research NWO (fellowship, supporting J.C., under the auspices
of the Council for Chemical Sciences CW) and by grant HL-16660 from
the National Institutes of Health. A.O. was a recipient of a short-term
fellowship from the European Molecular Biology Organization (EMBO).
REFERENCES
Allison, S. L., Mandl, C. W., Kunz, C., and Heinz, F. X. (1994). Expression
of cloned envelope protein genes from the flavivirus tick-borne en-
cephalitis virus in mammalian cells and random mutagenesis by
PCR. Virus Genes 8, 187–198.
Allison, S. L., Schalich, J., Stiasny, K., Mandl, C. W., Kunz, C., and Heinz,
F. X. (1995a). Oligomeric rearrangement of tick-borne encephalitis
virus envelope proteins induced by an acidic pH. J. Virol. 69, 695–
700.
Allison, S. L., Stadler, K., Mandl, C. W., Kunz, C., and Heinz, F. X. (1995b).
Synthesis and secretion of recombinant tick-borne encephalitis virus
protein E in soluble and particulate form. J. Virol. 69, 5816–5820.
Bo¨ttcher, C. J. F., Van Gent, C. M., and Fries, C. (1961). A rapid and
sensitive sub-micro phosphorus determination. Anal. Chim. Acta 24,
203–204.
Bron, R., Wahlberg, J. M., Garoff, H., and Wilschut, J. (1993). Membrane
fusion of Semliki Forest virus in a model system: Correlation between
fusion kinetics and structural changes in the envelope glycoprotein.
EMBO J. 12, 693–701.
Bullough, P. A., Hughson, F. M., Skehel, J. J., and Wiley, D. C. (1994).
Structure of influenza haemagglutinin at the pH of membrane fusion.
Nature 371, 37–43.
Carr, C. M., and Kim, P. S. (1993). A spring-loaded mechanism for the
conformational change of influenza hemagglutinin. Cell 73, 823–832.
Corver, J., Bron, R., Snippe, H., Kraaijeveld, C., and Wilschut, J. (1997).
Membrane fusion activity of Semliki Forest virus in a liposomal
model system: Specific inhibition by Zn21 ions. Virology 238, 14–21.Corver, J., Moesby, L., Erukulla, R. K., Reddy, K. C., Bittman, R., and
Wilschut, J. (1995). Sphingolipid-dependent fusion of Semliki Forest
D45MEMBRANE FUSION ACTIVITY OF TBE VIRUSvirus with cholesterol-containing liposomes requires both the 3-hy-
droxyl group and the double bond of the sphingolipid backbone.
J. Virol. 69, 3220–3223.
anieli, T., Pelletier, S. L., Henis, Y. I., and White, J. M. (1996). Membrane
fusion mediated by the influenza virus hemagglutinin requires the
concerted action of at least three hemagglutinin trimers. J. Cell Biol.
133, 559–569.
Despre`s, P., Frenkiel, M. P., and Deubel, V. (1993). Differences between
cell membrane fusion activities of two dengue type-1 isolates reflect
modifications of viral structure. Virology 196, 209–219.
Ellens, H., Bentz, J., Mason, D., Zhang, F., and White, J. M. (1990). Fusion
of influenza hemagglutinin-expressing fibroblasts with glycophorin-
bearing liposomes: Role of hemagglutinin surface density. Biochem-
istry 29, 9697–9707.
Fonseca, B. A., Pincus, S., Shope, R. E., Paoletti, E., and Mason, P. W.
(1994). Recombinant vaccinia viruses co-expressing dengue-1 gly-
coproteins prM and E induce neutralizing antibodies in mice. Vac-
cine 12, 279–285.
Gaudin, Y., Ruigrok, R. W., and Brunner, J. (1995). Low-pH induced
conformational changes in viral fusion proteins: Implications for the
fusion mechanism. J. Gen. Virol. 76, 1541–1556.
Gollins, S. W., and Porterfield, J. S. (1986a). pH-dependent fusion be-
tween the flavivirus West Nile and liposomal model membranes.
J. Gen. Virol. 67, 157–166.
Gollins, S. W., and Porterfield, J. S. (1986b). The uncoating and infectivity
of the flavivirus West Nile on interaction with cells: Effects of pH and
ammonium chloride. J. Gen. Virol. 67, 1941–1950.
Guirakhoo, F., Bolin, R. A., and Roehrig, J. T. (1992). The Murray Valley
encephalitis virus prM protein confers acid resistance to virus par-
ticles and alters the expression of epitopes within the R2 domain of
E glycoprotein. Virology 191, 921–931.
Guirakhoo, F., Heinz, F. X., Mandl, C. W., Holzmann, H., and Kunz, C.
(1991). Fusion activity of flaviviruses: Comparison of mature and
immature (prM-containing) tick-borne encephalitis virions. J. Gen.
Virol. 72, 1323–1329.
Guirakhoo, F., Hunt, A. R., Lewis, J. G., and Roehrig, J. T. (1993). Selec-
tion and partial characterization of dengue 2 virus mutants that
induce fusion at elevated pH. Virology 194, 219–223.
Harter, C., James, P., Bachi, T., Semenza, G., and Brunner, J. (1989).
Hydrophobic binding of the ectodomain of influenza hemagglutinin to
membranes occurs through the “fusion peptide.” J. Biol. Chem. 264,
6459–6464.
Heinz, F. X., and Kunz, C. (1981). Homogeneity of the structural glyco-
protein from European isolates of tick-borne encephalitis virus: Com-
parison with other flaviviruses. J. Gen. Virol. 57, 263–274.
Heinz, F. X., Stiasny, K., Puschner, A. G., Holzmann, H., Allison, S. L.,
Mandl, C. W., and Kunz, C. (1994). Structural changes and functional
control of the tick-borne encephalitis virus glycoprotein E by the
heterodimeric association with protein prM. Virology 198, 109–117.
Hernandez, L. D., Hoffman, L. R., Wolfsberg, T. G., and White, J. M.
(1996). Virus-cell and cell-cell fusion. Annu. Rev. Cell Dev. Biol. 12,
627–661.
Hope, M. J., Bally, M. B., Webb, G., and Cullis, P. R. (1985). Production of
large unilamellar vesicles by a rapid extrusion procedure: Charac-
terization of size distribution, trapped volume and the ability to
maintain a membrane potential. Biochim. Biophys. Acta 812, 55–65.
Hughson, F. M. (1997). Enveloped viruses: A common mode of mem-
brane fusion? Curr. Biol. 7, R565–R569.
Kielian, M. C., and Helenius, A. (1984). Role of cholesterol in fusion of
Semliki Forest virus with membranes. J. Virol. 52, 281–283.
Kimura, T., and Ohyama, A. (1988). Association between the pH-depen-
dent conformational change of West Nile flavivirus E protein and
virus-mediated membrane fusion. J. Gen. Virol. 69, 1247–1254.
Klimjack, M. R., Jeffrey, S., and Kielian, M. (1994). Membrane and protein
interactions of a soluble form of the Semliki Forest virus fusion
protein. J. Virol. 68, 6940–6946.
Konishi, E., Pincus, S., Paoletti, E., Shope, R. E., Burrage, T., and Mason,P. W. (1992). Mice immunized with a subviral particle containing the
Japanese encephalitis virus prM/M and E proteins are protected
from lethal JEV infection. Virology 188, 714–720.
Mandl, C. W., Heinz, F. X., and Kunz, C. (1988). Sequence of the
structural proteins of tick-borne encephalitis virus (Western subtype)
and comparative analysis with other flaviviruses. Virology 166, 197–
205.
Mason, P. W., Pincus, S., Fournier, M. J., Mason, T. L., Shope, R. E., and
Paoletti, E. (1991). Japanese encephalitis virus-vaccinia recombi-
nants produce particulate forms of the structural membrane proteins
and induce high levels of protection against lethal JEV infection.
Virology 180, 294–305.
Mayer, L. D., Hope, M. J., Cullis, P. R., and Janoff, A. S. (1985). Solute
distributions and trapping efficiencies observed in freeze-thawed
multilamellar vesicles. Biochim. Biophys. Acta 817, 193–196.
Moesby, L., Corver, J., Erukulla, R. K., Bittman, R., and Wilschut, J. (1995).
Sphingolipids activate membrane fusion of Semliki Forest virus in a
stereospecific manner. Biochemistry 34, 10319–10324.
Moor, A. C. E., Wagenaars-van Gompel, A. E., Hermans, R. C. A., Van der
Meulen, J., Smit, J., Wilschut J., Brand, A., Dubbelman, T. M. A.R., and
Van Steveninck, J. (1999). Mechanism of photoinactivation of vesic-
ular stomatitis virus by AlPcS4 or Pc4 and red light. Photochem.
Photobiol. 69, 353–359.
Nieva, J. L., Bron, R., Corver, J., and Wilschut, J. (1994). Membrane fusion
of Semliki Forest virus requires sphingolipids in the target mem-
brane. EMBO J. 13, 2797–2804.
Phalen, T., and Kielian, M. (1991). Cholesterol is required for infection by
Semliki Forest virus. J. Cell Biol. 112, 615–623.
Pincus, S., Mason, P. W., Konishi, E., Fonseca, B. A., Shope, R. E., Rice,
C. M., and Paoletti, E. (1992). Recombinant vaccinia virus producing
the prM and E proteins of yellow fever virus protects mice from lethal
yellow fever encephalitis. Virology 187, 290–297.
Pugachev, K. V., Mason, P. W., and Frey, T. K. (1995). Sindbis vectors
suppress secretion of subviral particles of Japanese encephalitis
virus from mammalian cells infected with SIN-JEV recombinants.
Virology 209, 155–166.
Randolph, V. B., and Stollar, V. (1990). Low pH-induced cell fusion in
flavivirus-infected Aedes albopictus cell cultures. J. Gen. Virol. 71,
1845–1850.
Rey, F. A., Heinz, F. X., Mandl, C., Kunz, C., and Harrison, S. C. (1995).
The envelope glycoprotein from tick-borne encephalitis virus at 2 Å
resolution. Nature 375, 291–298.
Rice, C. M. (1996). Flaviviridae: The viruses and their replication. In
“Fields’ Virology,” 3rd ed. (Fields, B. N., Knipe, D. M., Howley, P. M.,
Chanock, R. M., Melnick, J. L., Monath, T. P., Roizman, B., and Straus,
S. E., Eds.) pp. 931–959. Lippincott-Raven, Philadelphia.
Russell, P. K., Brandt, W. E., and Dalrymple, J. (1980). Chemical and
antigenic structure of flaviviruses. In “The Togaviruses.” (Schlesinger,
R.W., Ed.) pp. 503–529. Academic Press, New York.
Schalich, J., Allison, S. L., Stiasny, K., Mandl, C. W., Kunz, C., and Heinz,
F. X. (1996). Recombinant subviral particles from tick-borne enceph-
alitis virus are fusogenic and provide a model system for studying
flavivirus envelope glycoprotein functions. J. Virol. 70, 4549–4557.
Skehel, J. J., and Wiley, D. C. (1998). Coiled coils in both intracellular
vesicle and viral membrane fusion. Cell 95, 871–874.
Smit, J. M., Bittman, R., and Wilschut, J. (1999). Low-pH-dependent
fusion of Sindbis virus with receptor-free cholesterol- and sphingo-
lipid-containing liposomes. J. Virol. 73, 8476–8484.
Stegmann, T., Bartoldus, I., and Zumbrunn, J. (1995). Influenza hemag-
glutinin-mediated membrane fusion: Influence of receptor binding on
the lag phase preceding fusion. Biochemistry 34, 1825–1832.
Stegmann, T., Booy, F. P., and Wilschut, J. (1987). Effects of low pH on
influenza virus: Activation and inactivation of the membrane fusion
capacity of the hemagglutinin. J. Biol. Chem. 262, 17744–17749.Stegmann, T., Hoekstra, D., Scherphof, G., and Wilschut, J. (1986).
Fusion activity of influenza virus: A comparison between biological
46 CORVER ET AL.and artificial target membrane vesicles. J. Biol. Chem. 261, 10966–
10969.
Stegmann, T., Nir, S., and Wilschut, J. (1989). Membrane fusion
activity of influenza virus: Effects of gangliosides and negatively
charged phospholipids in target liposomes. Biochemistry 28,
1698–1704.
Stegmann, T., Schoen, P., Bron, R., Wey, J., Bartoldus, I., Ortiz, A., Nieva,
J. L., and Wilschut, J. (1993). Evaluation of viral membrane fusion
assays: Comparison of the octadecylrhodamine dequenching assay
with the pyrene excimer assay. Biochemistry 32, 11330–11337.
Stegmann, T., White, J. M., and Helenius, A. (1990). Intermediates in
influenza induced membrane fusion. EMBO J. 9, 4231–4241.
Stiasny, K., Allison, S. L., Marchler-Bauer, A., Kunz, C., and Heinz, F. X.
(1996). Structural requirements for low-pH-induced rearrangements
in the envelope glycoprotein of tick-borne encephalitis virus. J. Virol.
70, 8142–8147.
Summers, P. L., Houston Cohen, W., Ruiz, M. M., Hase, T., and Eckels,
K. H. (1989). Flaviviruses can mediate fusion from without in Aedes
albopictus mosquito cell cultures. Virus Res. 12, 383–392.Vorovitch, M. F., Timofeev, A. V., Atanadze, S. N., Tugizov, S. M., Kushch,
A. A., and Elbert, L. B. (1991). pH-dependent fusion of tick-borneencephalitis virus with artificial membranes. Arch. Virol. 118, 133–
138.
Wahlberg, J. M., Bron, R., Wilschut, J., and Garoff, H. (1992). Membrane
fusion of Semliki Forest virus involves homotrimers of the fusion
protein. J. Virol. 66, 7309–7318.
Weissenhorn, W., Dessen, A., Calder, L. J., Harrison, S. C., Skehel, J. J.,
and Wiley, D. C. (1999). Structural basis for membrane fusion by
enveloped viruses. Mol. Membr. Biol. 16, 3–9.
White, J., and Helenius, A. (1980). pH-dependent fusion between the
Semliki Forest virus membrane and liposomes. Proc. Natl. Acad. Sci.
USA 77, 3273–3277.
White, J. M. (1990). Viral and cellular membrane fusion proteins. Annu.
Rev. Physiol. 52, 675–697.
Wilschut, J., Corver, J., Nieva, J. L., Bron, R., Moesby, L., Reddy, K. C., and
Bittman, R. (1995). Fusion of Semliki Forest virus with cholesterol-
containing liposomes at low pH: A specific requirement for sphingo-
lipids. Mol. Membr. Biol. 12, 143–149.
Wilson, I. A., Skehel, J. J., and Wiley, D. C. (1981). Structure of the
haemagglutinin membrane glycoprotein of influenza virus at 3 A
resolution. Nature 289, 366–373.
